RESULTS AND DISCUSSION

Constant Pressure Induces the Formation of NAP1-GFP Puncta
The activation of ARP2/3 complexes promotes actin filament nucleation to form branched actin networks [1, 2] . In animals, a wide range of proteins (e.g., Cortactin, WASP, and WASH complexes) are known to be able to activate the ARP2/3 complex [5] [6] [7] ; however, these activator proteins are absent from plants with the exception of the SCAR/WAVE complex [8] [9] [10] . Membrane trafficking in plant cells is mainly regulated by the actin cytoskeleton [11] ; however, plant-specific mechanisms that regulate the actin cytoskeleton-endomembrane organization are likely to exist [12] [13] [14] [15] . Developmental defects are found when disrupting proteins from the SCAR or ARP2/3 complex in plants. These include altered cell morphogenesis, defects in root elongation, and stomatal opening [10, [16] [17] [18] [19] . All of these phenotypes must be linked to altered actin cytoskeleton activity, but the mechanisms remain unclear.
Components from the SCAR complex are membrane localized [3, 17, 20] . Here, we have focused on one protein from the SCAR complex of Arabidopsis thaliana, NAP1 [4] . A construct harboring DNA encoding a NAP1: C-terminal fluorescence protein chimera was made and subsequently expressed in Nicotiana benthamiana leaves. NAP1-RFP localized mainly to the cytoplasm when first viewed in the normal manner, that is with a coverslip over the sample and under oil immersion conditions ( Figure 1A , 0 min). However, when the samples were continually imaged, NAP1-RFP-labeled mobile punctate structures were observed. Their numbers increased significantly when samples were left for longer ( Figure 1A ). This process is better illustrated in a live cell imaging time series (Movie S1A). This phenomenon is reversible; NAP1 puncta disappeared after 30 min when the coverslip was removed, and the leaf segments were allowed to recover by suspension in water ( Figure S1A ). Interestingly, these NAP1-RFP-labeled puncta were not induced when a water dipping lens (i.e., no coverslips covering the leaf sample) was used to image similar samples for the same length of time using the same laser settings (Figures 1B and 1C ). Statistical analysis shows that the numbers of puncta identified under these two different conditions are significantly different ( Figure 1D ). The only variance here is the absence of coverslips ( Figure 1C ). We conclude from these data that the constant pressure caused by the oil immersion lens and coverslips trigger the formation of the NAP1-RFP puncta.
In order to determine whether NAP1 is acting alone or as part of its complex (e.g., SCAR/WAVE and APR2/3), we co-expressed constructs harboring GFP-SCAR2 or RFP-ARP3 with NAP1-XFP (GFP or RFP). On their own, the GFP-SCAR2 and the RFP-ARP3 localized to the cytoplasm in the N. benthamiana leaf epidermal cells when treated with constant pressure by the coverslip (Figures 1E and 1G) . However, when co-expressed with the NAP1-XFP, both the SCAR2 and the ARP3 were recruited to the pressure-induced NAP1 puncta. This indicates that NAP1 that is associated with the induced puncta can form a complex with other components of the SCAR/WAVE complex and also interact with a marker for the ARP2/3 complex. Both complexes being located at the same place suggest that they can potentially function to activate actin polymerization ( Figure 1I ).
The majority of the NAP1-XFP puncta associate with endoplasmic reticulum (ER) membrane (95.3% ± 5.5%), actin filaments (79.9% ± 4.1%), and microtubules (96.1% ± 6.9%; Figures 1J-1L ); dual associations with the actin cytoskeleton and the ER are also seen ( Figure 1J ). Previous studies have shown that the ARP2/3 subunit, ARPC2, binds microtubules and localizes to punctate structures in plants [21] . Moreover, an animal WASP homolog WHAMM has also been shown to be microtubule-associated [6] . Therefore, dual association of the ARP2/3 complex or its activating proteins with the actin-microtubule cytoskeleton is likely to be a general phenomenon in eukaryotic cells.
The Effect of Pressure on Endogenous Arabidopsis NAP1
The main defect in the Arabidopsis nap1 mutant is distorted trichomes (Figures 2A and 2B) [3, 9, 10] . We generated a construct whereby the expression of NAP1-GFP would be driven by its endogenous promoter (Pro::NAP1-GFP). The nap1 mutant was transformed with the Pro::NAP1-GFP construct and its expression resulted in the complementation of the trichome phenotype ( Figure 2C ), indicating that the NAP1-GFP protein chimera used in this study is functional. Moreover, the NAP1-GFP was enriched at cell corners in roots ( Figure 2E ), which is a similar localization to other SCAR complex proteins, e.g., PIR121, BRICK1 [3] . In leaf pavement cells, the NAP1-GFP also labels punctate structures in the cytoplasm ( Figure 2D ).
Next, we raised an antibody to Arabidopsis NAP1 and performed localization studies for the endogenous Arabidopsis NAP1. The anti-NAP1 was tested for its specificity. It detects a clear band at the appropriate molecular weight on 1D gel immunoblots of extracts from Arabidopsis seedlings and from N. benthamiana leaves expressing NAP1-GFP ( Figures 2G and  2H ). Arabidopsis leaf tissue was prepared for immunolocalization of NAP1 using the antibody by freeze-shattering. The anti-NAP1 labeled ER-associated punctate structures ( Figure 2J ). These data indicate that the endogenous NAP1 localization is the same as the NAP1-GFP localization in either N. Benthamiana ( Figure 1J ) or Arabidopsis ( Figure 2D ). As a further control to the specificity of anti-NAP1, the anti-NAP1 was used on root tissue from nap1 mutants, and no labeling was observed ( Figure 2K ).
Immunofluorescence studies on Arabidopsis root tip cells revealed that most of the anti-NAP1 staining was cytoplasmic with few puncta identified under normal conditions ( Figure 2L ). When the root tissue was treated with constant pressure (using coverslips as in Figure 1C for 20-30 min) before fixation, anti-NAP1 labeled punctate structures and these were much more abundant ( Figure 2M ). These results show the endogenous NAP1 behaves in the same way as NAP1-GFP, in terms of its localization and response to external pressure.
NAP1 Localizes to Double-Membrane Structures and Co-localizes with ATG8
The next question we addressed was to establish what the nature of these NAP1 puncta are. This was attempted by co-expressing the NAP1-XFP construct with constructs encoding various organelle markers: ST-RFP for Golgi, VAP27-1-YFP for ER-plasma membrane (PM) contact sites, VTI12-mCherry for pre-vacuolar compartments, and RabF2a-mCherry for the trans-Golgi network. Apart from some co-localization with VAP27-1-YFP at the ER-PM contact sites, no other co-localization was observed (Figures S1B-S1F).
We then performed immunogold labeling of Arabidopsis root tips using anti-NAP1-associated gold particles, which localized NAP1 at the plasma membrane and also at ER-associated double-membrane structures that encapsulate other cytoplasm components. These structures are reminiscent of autophagosomes ( Figure 2F ). The anti-NAP1 gold particles were found mostly at the PM, autophagosome-like structures, and other membrane vesicles ( Figure 2F ). The enrichment of anti-NAP1 gold particles at autophagosome-like structures is further confirmed statistically using chi-square tests ( Figure 2I ).
Autophagy is a regulated mechanism that allows cells to degrade their own cytoplasmic constituents. This pathway can be enhanced under stress conditions [22, 23] . Autophagy is also essential during plant development and embryogenesis [24] . Membranes used in autophagosome biogenesis may originate from various compartments but the best studied is where the ER network is involved [25] . Autophagy is regulated by a group of autophagy-related proteins [26] , and ATG8 is the commonly used marker for autophagosomes [27] . When (legend continued on next page) constructs encoding YFP-ATG8 and NAP1-GFP were co-expressed in leaf epidermal cells, ATG8-labeled autophagosomes were observed and a proportion of these co-localize with NAP1-GFP puncta ( Figure 3A) . After 20-30 min of pressure, the majority of the punctae were labeled with both NAP1-GFP and YFP-ATG8 (65.4% ± 12.8%; Figure 3B ). Co-localization of RFP-SCAR2 and NAP1-GFP with the autophagosome marker YFP-ATG8 is also found ( Figure S2A ). Interestingly, a previous study has demonstrated that autophagy can be induced by mechanical stress in Dictyostelium [28] . According to this previous study, autophagosome formation appears after 10-30 min of applied pressure, and this length of time is in agreement with the observations we have made here. Hydrogen peroxide is known to trigger the formation of autophagosomes [29] . When N. benthamiana leaf epidermal cells or Arabidopsis hypocotyl cells expressing NAP1-GFP were treated with H 2 O 2 , a significant number of NAP1 puncta were formed that either co-labeled with YFP-ATG8 ( Figure 3C ) or MDC (monodansylcadaverine, an autophagosome dye; Figure S2C ). Therefore, we propose that these NAP1-GFP-labeled puncta (hereafter referred as NAP1-labeled autophagosomes) are autophagosomes and these are formed either upon mechanical stress or oxidative stress induced by H 2 O 2 .
Nutrient depletion also enhances the autophagic pathway [30] . Large numbers of autophagosomes in leaf epidermal cells are formed when Arabidopsis plants harboring a construct encoding GFP-ATG8 are grown in medium without nitrogen ( Figures 3D and 3F) . The same nitrogen deprivation (ÀN) stress is also able to trigger the formation of NAP1-GFP-labeled autophagosomes ( Figures 3E and 3F ). These observations are in agreement with previous studies on starvation-induced autophagy [22, 30] . These root cells were fixed and immunolabeled with an ATG8 antibody [26] and the endogenous ATG8 co-localized with the NAP1-GFP at autophagosomes ( Figure S2B ). Concanamycin A (Con A) blocks the V-ATPase activity at the tonoplast and, as a result, the degradation ability of the vacuole is inhibited [30] . When NAP1-GFP plants were grown on -N medium and treated with Con A, membranes labeled with NAP1-GFP were found inside the vacuole (Figure S2D, arrow) , which is similar to the behavior of other known autophagosome proteins when cells are treated in this way [22, 31] .
These data indicate that NAP1 (and possibly the SCAR-ARP2/3 complexes) is required for the formation of autophagosomes under certain stress conditions. Together, these proteins are able to nucleate actin polymerization that could potentially provide the forces needed for membrane deformation during the phagophore stage [32] and/or the actin polymerization resulting from the activity of the two complexes could be involved in the trafficking of autophagosomes to the lytic compartment [33] .
The Formation of Pressure-Induced Autophagosomes Requires Homotypic Fusion and Sequential Recruitment of NAP1 and ATG8 NAP1-GFP puncta are formed 9 min after applying constant pressure. At this stage, the YFP-ATG8 signal is mostly found in the cytoplasm. It is only after 18 min that the YFP-ATG8 is recruited to the autophagosomes ( Figure 3G ). We further quantified this process by analyzing the change in fluorescence signal intensity at the different time points; the YFP-ATG8 signal starts to accumulate on puncta at 20 min, much later than the NAP1-GFP signal that increases at 9 min ( Figures 3H and 3I ). These observations indicate that NAP1 is recruited to the ER membrane in the first instance, possibly regulating actin polymerization and formation of phagophores, which then later develop into mature autophagosomes with ATG8 incorporated.
NAP1-GFP puncta can fuse to each other, and their size increases after each homotypic fusion event. As illustrated in Figure 3J , two NAP1-GFP puncta fuse at 0-24 s, generating a larger structure that later fuses with another puncta at 90-114 s (Figure 3J) . Statistical analysis indicates that the average size of NAP1-GFP puncta increased over time and they reach a maximum of 1 mm at $20 min ( Figure 3K) ; the number of puncta, however, decreased over time ( Figure 3L ) that is likely to be due to the fusion events.
The Arabidopsis nap1 Mutant Is Defective in Autophagy and More Susceptible to Nitrogen Starvation and High Salt Stress If NAP1 is involved in autophagy as our results strongly suggest, then we would expect an autophagy phenotype for the nap1 mutant and perhaps other SCAR/WAVE or ARP2/3 complex mutants. We used anti-ATG8 for immunofluorescence studies in Arabidopsis wild-type and the nap1 mutant. Under normal (D) Arabidopsis leaf epidermal cells expressing NAP1-GFP (the same lines as in C), which localizes to cytoplasm and punctate structures. However, its signal is enriched at the corners. (E) The localization of Pro::NAP1-GFP in root tips with a polarized distribution at cell junctions and enrichment at cell corners. (F) TEM and immunogold labeling of endogenous NAP1 in Arabidopsis root tips. Gold particles localize to the plasma membrane, as well as to double membrane structures reminiscent of autophagosomes. In addition, NAP1 gold particles were found in the cytoplasm and vesicle-related structures. Their occurrence is given in the table (counted from 20 images). (G) Western blot of total Arabidopsis seedling protein extract probed with a polyclonal NAP1 antibody showing a clear band at $120 kDa. (H) Western blot of protein extracts from N. benthamiana expressing NAP1-GFP. NAP1 (1) and GFP (2) antibodies were used on two different strips; both antibodies detect a band at 150 kDa that represents NAP1-GFP. (I) Analysis of NAP1 gold particle (in F) association with the PM using chi-square tests. The distribution of NAP1 gold was scored as PM/autophagosomeassociated or non-associated over 6.79 mm 2 . The association of NAP1 on the PM is significantly different from that were the distribution to be random (p < 0.0001).
Similarly, the distribution of NAP1 gold with autophagosomes was performed in the same way. In contrast, few puncta were found when roots were fixed without pressure pretreatment (L). Scale bar, 10 mm; 500 nm for TEM.
growth conditions, few autophagosomes could be identified ( Figure 4A ), however, their number increased dramatically when plants were grown in nitrogen dropout medium (ÀN) for 2 days ( Figure 4B ). As expected, these anti-ATG8-labeled autophagosomes were associated with the ER membrane (Figure 4D) . However, the formation of autophagosomes in the nap1 mutant is prevented during N starvation; their numbers were significantly lower compared to wild-type ( Figures 4C and  4F ). This result suggests that the formation of autophagosomes is regulated by NAP1. As a result of an impaired autophagy pathway, plant development and root growth in the nap1 mutant grown under nitrogen starvation is affected more severely than in the wild-type ( Figure 4E ). The size of the nap1 seedling was smaller, and their roots were much shorter than wild-type (Figure 4G) . The Arabidopsis NAP1-GFP complemented plants exhibit a wild-type phenotype when similarly grown under nitrogen starvation. This line is heterozygous and allowed us to see complemented (arrow) and non-complemented (arrowhead) phenotypes on the same plate ( Figure 4E ). A similar study was also performed using other KO mutants, such as arp2, pir121, and atg5 (an autophagy mutant) under N starvation. Using pir121 as an example, retarded root development (Figures S3A and S3B) and reduced autophagosome formation ( Figure S3C ) is also found. Salinity stress is also known to enhance autophagic activity in plants [23] . We show here that numerous NAP1-GFP-labeled autophagosomes form when plants are grown in medium containing high concentrations of NaCl (160 mM; Figures S2E and S2F) . The salt tolerance of the Arabidopsis nap1 mutant was tested together with other mutants of SCAR and ARP2/3 complex proteins, namely pir121, scar2, and arp2 knockout lines. Forty plants were analyzed for each line. The number of susceptible (À) and non-susceptible (+) plants under salt stress were scored (Figure 4I) . The result shows that as well as the nap1 mutant, pir121 and arp2 are also susceptible to salt stress. The scar2 mutant is not susceptible, which is likely to be because of functional redundancy between the four SCAR genes [9, 10] . NAP1, PIR121, and ARP2 are single copy genes [34] . Moreover, the Arabidopsis NAP1 complemented plants exhibit a similar salt tolerance to wild-type (Figures 4K-4H ). In summary, we have demonstrated that the Arabidopsis nap1 mutant is defective in autophagy, as a consequence, its development is perturbed under certain stress conditions where elevated autophagy is required.
A Model of NAP1-Regulated Autophagy
Previous studies using animal cells and yeast have demonstrated that the actin cytoskeleton participates in the early events of autophagosome formation [35] . Taking these data together with the data presented here, a new model for the formation of autophagosomes is proposed ( Figure 4J ). Upon certain stimulation (e.g., pressure), NAP1 proteins are recruited to the ER membrane from the cytoplasm ( Figure 4J, 1) . ER-associated NAP1 activates actin polymerization and drives membrane deformation, facilitating phagophore formation and expansion ( Figure 4J, 2 and 3) . At a later stage, ATG8 is recruited to the phagophore and gradually forms the mature autophagosome ( Figure 4J, 3 and 4) . The cytoskeleton is found closely associated with NAP1 and autophagosome membrane and this provides the force for membrane deformation and the track for autophagosome transport ( Figure 4J, 4) . Finally, autophagosomes are transported to the vacuole, where they are internalized and become degraded ( Figure 4J, 5 ).
In conclusion, we have demonstrated that constant pressure can induce NAP1 to localize to autophagosomes. The majority of them are ER-associated and co-align with actin filaments and microtubules. The recruitment of NAP1 and ATG8 to the phagophore/autophagosome occurs sequentially, and homotypic fusions of these puncta are seen at an early stage of autophagosome formation. The Arabidopsis nap1 mutant is defective in autophagy, and as a result it is more susceptible to nitrogen starvation and is less salt tolerant. A similar phenotype is also (A) Most of the NAP1-GFP signal is found in the cytoplasm before the cells were treated with prolonged pressure. NAP1 puncta can be identified but are low in abundance and some co-localize with an autophagosome marker (ATG8, arrow). (B) More NAP1-labeled puncta are induced when cells are treated with constant pressure for 20-30 min. High frequency (65.4% ± 12.8%) of co-localization with YFP-ATG8 can be seen, and NAP1 puncta-free of YFP-ATG8 are also observed (arrow). Inset shows the co-localization between two proteins at a low detection setting. (C) When cells are treated with H 2 O 2 , NAP1 and ATG8 puncta are induced and most co-localize. Inset shows the co-localization of a selected area with higher magnification. (D) Autophagosomes form when Arabidopsis plants are growing in medium minus nitrogen. In leaf epidermal cells, the number of autophagosomes labeled by GFP-ATG8 dramatically increases under nitrogen starvation. (E) Interestingly, the number of NAP1-GFP puncta in Arabidopsis roots also increases when nitrogen is removed from the medium. (F) Statistical analysis on the number of NAP1-GFP-and GFP-ATG8-labeled autophagosomes from (D) and (E) . A significant increase is seen under starvation conditions. (G) Time series from a N. benthamiana leaf segment expressing NAP1-GFP and YFP-ATG8 mounted with a coverslip. NAP1 puncta can be seen after $9 min, but the appearance of autophagosomes (YFP-ATG8-labeled) is only seen at a later stage, after 18 min. Inset shows the co-localization of NAP1-GFP and YFP-ATG8 in a selected area. (H and I) Statistical study of the fluorescence intensity of puncta labeled with NAP1-GFP or YFP-ATG8 from (G). Cytoplasmic fluorescence is measured if no puncta could be identified (e.g., NAP1 at 0 min; ATG8 at 0-13 min). Fluorescence intensity of these puncta increases with time. seen in other Arabidopsis mutants lacking key regulatory proteins of SCAR/WAVE or the ARP2/3 complex. Therefore, a novel function of NAP1 in autophagy is reported here.
